Long-term adaptive responses in the brain, such as learning and memory, require synaptic activity-regulated gene expression, which has been thoroughly investigated in rodents. Using human iPSC-derived neuronal networks, we show that the human and the mouse synaptic activity-induced transcriptional programs share many genes and both require Ca 2+ -regulated synapse-to-nucleus signaling. Species-specific differences include the noncoding RNA genes BRE-AS1 and LINC00473 and the protein-coding gene ZNF331, which are absent in the mouse genome, as well as several human genes whose orthologs are either not induced by activity or are induced with different kinetics in mice. These results indicate that lineage-specific gain of genes and DNA regulatory elements affects the synaptic activityregulated gene program, providing a mechanism driving the evolution of human cognitive abilities.
INTRODUCTION
Transcription-dependent neuronal plasticity is evolutionarily conserved from invertebrates to mammals (Frank and Greenberg, 1994) . Accordingly, the neuronal activity-dependent gene expression program, which underlies adaptation-related brain functions, is likely generic, meaning that many of the activityresponsive genes are shared between species and neuron types (discussed by Bading, 2013) . This assumption includes humans. Yet, these genes are poorly characterized in humans, especially in comparison to mice whose activity-regulated transcriptome, implicating $1,000 genes, is known (Kim et al., 2010; Saha et al., 2011; Spiegel et al., 2014; Zhang et al., 2007 Zhang et al., , 2009 . It is important as well as exciting to fill this gap in knowledge, since, as for phenotypic differences between species in general (Necsulea and Kaessmann, 2014; Wilson and Odom, 2009 ), evolutionary gene regulation and expression changes may, to a large extent, determine the dissimilarities in brain development and function of humans compared to other species (Bae et al., 2015; Geschwind and Rakic, 2013; Silbereis et al., 2016) . Cognitive abilities, which in humans have evolved to a perplexing species-specific phenotype distinction, are in part reliant on synaptic activity-dependent gene regulation (Bading, 2013; West and Greenberg, 2011) . In humans, the orthologs of rodent activityregulated genes are expressed with a species-specific temporal profile during brain development (Liu et al., 2012) . Whether the human synaptic activity-regulated gene program itself has distinctive features is unknown, however, mostly because obtaining human neurons for experimental use is ethically problematic. Here we determine the gene expression response to synaptic activity in human neurons derived from induced pluripotent stem cells (iPSCs) to find out if the human genetic background expands the repertoire of known activity-regulated genes.
RESULTS
Studies of the human neuronal adaptive gene program require an experimental system where human neurons are synaptically connected. We differentiated iPSCs (see the Experimental Procedures) to human iPSC-derived (hiPSCd) neurons, and we confirmed the generation of postmitotic neuronal cells by expression analysis of multiple markers, RNA sequencing (RNA-seq), and comparison of the hiPSCd neuron transcriptomes to previously published hiPSCd neuron and human fetal brain gene expression profiles ( Figure S1 ; Table S1 ).
Electrical Properties and Synaptic Connectivity of Human iPSC-Derived Neurons
To directly assess cellular phenotype on a functional level, we performed whole-cell patch-clamp recordings from hiPSCd neurons differentiated for 7 or 10 weeks from hiPSCd neuronal precursor cells (NPCs) (hereafter 7-or 10-week hiPSCd neurons). At earlier time points, hiPSCd neurons were electrophysiologically immature. In parallel, we recorded from 7-week hiPSCd neurons cultured together with mouse (post-natal day [P]0) primary hippocampal neurons for the last 10 days (hereafter hiPSCd neuron/mouse primary neuron co-culture or mixed-species culture). The hiPSCd neurons in the co-cultures were distinguished by their expression of EGFP under the control of the human synapsin I (SYN1) promoter (pSYN1) delivered by lentiviral infection of NPCs (see also Figures S1C, S1D, and 3G). Passive properties (membrane capacitance [34-38 pF] , resistance 350 MU] , and resting membrane potential [Vrest, À43 to À48 mV]) of hiPSCd neurons were not affected by co-culture with mouse neurons (in figures denoted by Hs + Mm, hiPSCd neuron-only culture is denoted by Hs), and they were not significantly different between cells in the 7-and 10-week hiPSCd neuron-only cultures ( Figures 1A-1C) . The hiPSCd neurons were electrically excitable, fulfilling a key criterion for functional neurons. Action potential (AP) amplitudes and numbers were improved when evoked from À70 mV instead of Vrest ( Figures  1D-1F ), which reflects their relatively depolarized state.
Almost all hiPSCd neurons in all cultures analyzed showed spontaneous postsynaptic currents that could be divided into two groups, with rapid or slow decay time constants ( Figures  1G-1I ). They were blocked in EGFP-expressing (EGFP + ) cells by either NBQX (5 mM), a blocker of AMPA/kainate-type glutamate receptors (7-week hiPSCd neuron-only cultures or mixed-species cultures, n = 4/4 for each), or by the GABA type A (GABA A ) receptor antagonists bicuculline (Bic, 50 mM) or gabazine (5 mM) (7-week hiPSCd neuron-only cultures, n = 7/7; mixed-species cultures, n = 5/5), respectively. This confirms the presence of functional synapses containing postsynaptic AMPA/kainate or GABA A receptors in our hiPSCd neurons.
To verify the existence of functional NMDA, AMPA, and GABA A receptors as well as voltage-gated Ca 2+ channels (VGCCs) in hiPSCd neurons, we used Ca 2+ imaging. In almost all EGFP + and EGFP-non-expressing (EGFP À ) cells in the 7-week hiPSCd neuron-only cultures, large Ca 2+ responses were evoked by NMDA, applied with its co-agonist glycine, or by AMPA, applied with an inhibitor of AMPA receptor desensitization, cyclothiazide ( Figure 1J ). GABA also increased Ca 2+ levels ( Figure 1K ), indicating an excitatory, depolarizing effect. Ca 2+ influx in response to AMPA, NMDA, and GABA presumably involves VGCCs, and their presence in hiPSCd neurons was confirmed by robust increases in Ca 2+ in response to depolarization with a high-concentration K + solution ( Figure 1K ). Thus, 7 weeks of differentiation of human iPSC-derived NPCs is sufficient to obtain hiPSCd neurons that exhibit functional AMPA, NMDA, and GABA A receptors as well as VGCCs.
Bicuculline Together with 4-Aminopyridine Increases Synaptic Input to Human iPSC-Derived Neurons
Having established culture systems generating synaptically connected hiPSCd neurons, we sought a method to experimentally induce robust excitatory synaptic activity in these cultures to study activity-induced transcription in hiPSCd neurons. In 10-day cultures of mouse primary hippocampal neurons, synaptic activity-dependent gene expression can be induced by disinhibition of the neuronal network with Bic, which triggers synchronous bursts of AP firing along with AMPA and NMDA receptor-and VGCC-mediated Ca 2+ signals, whose frequency is increased by coapplication of Bic with the K + channel blocker 4-aminopyridine (4AP) (Arnold et al., 2005; Hardingham et al., 2001) . Bic (50 mM) applied together with 4AP (250 mM) (Bic/4AP) activated large recurring bursts of synaptic activity in both EGFP + and EGFP À cells in our 7-week mixed-species cultures (Figures 2A and 2B) and, to a lesser extent, in 7-week hiPSCd neuron-only cultures ( Figure 2C ). EGFP + cells in 7-week hiPSCd neuron-only cultures and mixed-species cultures showed, respectively, a 4.4-fold and a 10.8-fold increase in synaptic charge influx after Bic/4AP treatment ( Figure 2E ). In the 10-week hiPSCd neuron cultures, Bic/4AP induced larger synaptic bursts than in the 7-week hiPSCd neuron-only cultures (Figures 2C and 2D) , and it caused recurring membrane potential oscillations (18.9 ± 1.9 mV; 1.73 ± 0.44/min; n = 8), which were abolished by NBQX (n = 3; data not shown). Synaptic activation caused by Bic/4AP was accompanied by recurrent depolarizations and/or APs in all cultures assessed.
Analyses of Ca 2+ transients activated downstream of Bic/4AP-induced synaptic activity revealed large, recurrent increases in Ca 2+ levels with a sustained increase in baseline Ca 2+ levels in both EGFP + and EGFP À cells in the 7-week co-cultures ( Figure 2F ), similar to responses seen in mouse primary hippocampal neurons (Hardingham et al., 2001) . Recurrent Ca 2+ responses to Bic/4AP also were apparent in 7-and 10-week hiPSCd neuron-only cultures but without a sustained increase in baseline Ca 2+ levels and with a smaller amplitude in the 7-week than in the 10-week cultures ( Figures 2G-2I ). The depolarizing effect of GABA (see above) and the lack of response to Bic ( Figure S2A ) in 7-week hiPSCd neuron-only cultures may explain their weaker responses to Bic/4AP compared to 10-week hiPSCd neurons, where GABA A receptors likely have undergone the developmental switch from excitatory to inhibitory (Ben-Ari et al., 2007 ). These results demonstrate that Bic/4AP induces robust recurrent increases in AMPA/kainate receptor-mediated synaptic and AP activity along with Ca 2+ influx into hiPSCd neurons in the mixed-species or hiPSCd neuron-only cultures. The addition of mouse primary neurons to the 7-week hiPSCd neuron cultures or the extra 3 weeks of differentiation of hiPSCd neuron-only cultures greatly increase hiPSCd neuron responses to Bic/4AP.
Excitatory Input to Human iPSC-Derived Neurons Induces Human Immediate-Early Genes
We used species-specific RT-qPCR on human orthologs of three prototypical activity-responsive mouse immediate-early (IE) genes, Npas4, Fos, and Arc, to assess if enhancement of synaptic input to hiPSCd neurons induces human IE genes. Increases in human NPAS4, FOS, and ARC mRNA levels in hiPSCd neurons after a 1-hr Bic/4AP treatment were easily detectable in both hiPSCd neurons cultured with or without mouse primary neurons ( Figures 3A and 3B ). Induction strength of NPAS4 and ARC improved gradually over the NPC differentiation period. All the inductions peaked 1 hr after Bic/4AP addition and dropped almost to the basal levels by 4 hr ( Figures 3C and 3D ). In the 7-week co-cultures, the increases in the levels of all of the three assessed human IE gene mRNAs in response to Bic/4AP were abolished in the presence of tetrodotoxin (TTX, 1 mM), an Na + channel blocker that prevents Bic/4AP-induced Ca 2+ signals by inhibiting AP firing (Hardingham et al., 2002) , proving that expression of NPAS4, FOS, and ARC is activityregulated in hiPSCd neurons ( Figure 3E ). The Bic/4AP-induced increase in NPAS4 mRNA levels was reduced by the inhibition of L-type VGCCs with Nifedipine (Nif, 10 mM) or by two NMDA receptor antagonists, 2-amino-5-phosphonovalerate (APV, 50 mM) and MK801 (MK, 10 mM) (APV/MK). Induction of NPAS4 and FOS was more strongly inhibited by the combination of Nif, APV, and MK (Nif/APV/MK), revealing a potential synergistic role of VGCCs and NMDA receptors ( Figure 3E ). In the 10-week hiPSCd neuron-only cultures, the induction of NPAS4 and FOS was severely reduced in the presence of TTX, Nif, APV/MK, or Nif/APV/MK, although the effect of Nif on FOS was comparatively weaker ( Figure 3F ). ARC induction was reduced by blocking VGCCs and/or NMDA receptors in both cultures (Figures 3E and 3F) . Finally, co-culture experiments with hiPSCd neurons produced from a distinct iPSC line (hiPS 3, see the Experimental Procedures) produced nearly identical results (Figures S2B and S2C) .
To determine the proportion of hiPSCd neurons responding to Bic/4AP treatment with IE gene induction and to confirm the response at the protein level, we used immunostaining for yet another classical IE gene product, JUNB. Approximately 65% All culture conditions and cell groups analyzed are specified at the end of the figure legend.
(A-D) Traces of responses to bicuculline and 4-aminopyridine (Bic/4AP, 50 mM and 250 mM, respectively) at Vhold = À70 mV are shown in an EGFP positive (A) and an EGFP negative (B) cell of a 7-week mixed-species culture, and in an EGFP positive cell of a 7-week hiPSCd neuron-only culture (C) and in a cell of a 10-week hiPSCd neuron-only culture not exposed to virus (D of hiPSCd neurons in the co-culture showed JUNB protein expression after 2 hr of enhanced excitatory synaptic input ( Figure 3G ). These results demonstrate that strong induction of excitatory synaptic activitydependent IE gene expression in human cells can be evoked by a simple Bic/4AP treatment of hiPSCd cultures. Also, they show that NMDA receptors and VGCCs are involved in triggering synaptic activityinduced increases in IE gene mRNA levels in hiPSCd neurons.
Early Gene Expression Response to Synaptic Activity Is Generic but Has Lineage-Specific Features
We performed RNA-seq to examine the synaptic activity-regulated gene program in hiPSCd neurons. RNA levels of 50 or 42 human genes were significantly changed (Benjamini-Hochberg adjusted p [p adj ] < 0.1) in hiPSCd neurons 1 hr after Bic/4AP addition to the 7-week mixed-species cultures ( Figure 4A ; Table  S2 ) or to the 10-week hiPSCd neuron cultures (Table S2 ), respectively. RNA levels of 37 human genes were significantly changed in both culture systems ( Figure 4B ). (Table S3) . RNA-seq results with the mixed-species samples were validated for hiPSCd neurons derived from two different iPSC lines with the nCounter method using species-specific probes . We categorized the 47 human IE genes according to the data available for their rodent orthologs ( Figure 4D ). The rodent orthologs of 41 of the human IE genes (87.2%) were significantly upregulated after Bic/4AP treatment in mouse primary neurons according to our RNA-seq and nCounter analysis, and they have been reported to be neuronal activity regulated in other studies using different experimental systems and time points (Kim et al., 2010; Maze et al., 2015; Rossner et al., 1997; Saha et al., 2011; Spiegel et al., 2014; Zhang et al., 2007 Zhang et al., , 2009 ). The orthologs of three human IE genes (C11orf96, MIR22HG, and SOCS3) have not been previously identified as activity-regulated genes in rodents, although SOCS3 was only regulated in one of the two iPSC lines used here. Three of the human IE genes, BRE-AS1, LINC00473, and ZNF331, are exceptional because they do not have rodent orthologs. BRE-AS1 and LINC00473 RNA levels were detected to be strongly (R15-fold) and ZNF331 RNA levels weakly (1.5-fold) upregulated in hiPSCd neurons with RNA-seq after 1 hr of Bic/4AP treatment, and all three genes were confirmed to be activity induced with nCounter analysis in hiPSCd neurons derived from both of the iPSC lines used here ( Figures S3 and S5) . Also, their synaptic activity-induced expression was blocked or severely reduced in the presence of TTX or Nif/APV/MK ( Figure S2D ). BRE-AS1 is a noncoding RNA gene antisense to the BRE (brain and reproductive organ-expressed) gene. LINC00473 is a primate-specific long noncoding RNA gene that has been documented to be duplicated along with only three other genes in a patient with delayed speech and language development (DECIPHER 277616; Firth et al., 2009) . ZNF331 encodes a Kr€ uppel-associated box domain-containing transcriptional repressor.
The most significantly over-represented gene ontology (GO) terms among the human synaptic activity-regulated IE genes were all associated with transcription factor activity ( Figure 4D ; Table S4 ; 24 genes, 51.1%, encode transcription factors). Also, cAMP response elements (CREs) or CRE half site (CREhs)-containing sequences and serum response elements (SREs) were significantly enriched in the proximal promoter regions of human IE genes ( Table S4 ), suggesting that many of them are targets of the well-established neuronal activity-dependent transcriptional regulators, CRE-binding protein (CREB) and SRE-interacting proteins (Bading et al., 1993) .
Next, we compared the synaptic activity-regulated human IE genes to their mouse orthologs using the data from the co-cultures where RNA of the two species is collected from cells stimulated in identical culture conditions. Rapid human RNA level changes after enhancement of glutamatergic synaptic activity were paralleled by similar changes of the respective mouse orthologs ( Figure 4E ; expression change correlation, r = 0.73). Based on induction strength, half of the IE gene ortholog pairs grouped together ( Figures 4F and 4G ). For example, EGR4/Egr4, FOS/Fos, FOSB/Fosb, JUNB/Junb, NPAS4/Npas4, and NR4A1/Nr4a1 were strongly induced in human cells as well as in mouse cells. To classify genes in terms of temporal expression profile regardless of induction strength, we performed hierarchical clustering of human IE genes together with their mouse orthologs, if present, based on RNA levels scaled between 0 and 1 from untreated and 1-or 4-hr Bic/4AP-treated mixed-species cultures ( Figure 4H ). Relative to their upregulated expression levels at the 1-hr time point, IE gene RNA levels at the 4-hr time point were either decreased (termed here transient), unchanged (termed sustained), or further increased (termed amplified). This analysis revealed that half of the examined mouse genes, but only 17% of the human IE genes, belonged to the amplified cluster. Instead, 55.3% of the human IE genes grouped into the transient set of genes and 27.7% had the sustained RNA expression profile. Examples of transient human IE genes with amplified or sustained mouse orthologs include GADD45B/Gadd45b and NR4A2/Nr4a2 or FOSB/Fosb and NPAS4/Npas4, respectively. Human HIC1, encoding hypermethylated in cancer 1, grouped to the sustained cluster and mouse Hic1 grouped to the transient cluster. HIC1/Hic1 is the only relatively strongly induced IE gene in both cell types (human, 5.9-fold; mouse, 4.5-fold) that had a more sustained increase in expression levels in hiPSCd neurons compared to mouse neurons ( Figure 4I ). These results establish that overall the hiPSCd neuron synaptic activity-responsive IE gene program is generic. However, it involves genes that do not have orthologs in the mouse, and many of the human IE genes are in hiPSCd neurons upregulated more transiently than their mouse orthologs in mouse primary hippocampal neurons.
Conserved Ca

2+
-Signaling Pathway Regulates BRE-AS1, LINC00473, and ZNF331 Promoters We next asked if the three synaptic activity-regulated human IE genes that do not have mouse orthologs (see Figure 5A for nCounter confirmation of RNA-seq results) represent loci regulated by neuronal activity via conserved mechanisms or are induced by cell-type or species-specific mechanisms. To answer this, we conducted luciferase reporter assays for the regulation of BRE-AS1, LINC00473, and ZNF331 promoters in mouse primary hippocampal and cortical neurons. The promoters of these genes contain CRE and CREhs cis elements ( Figure 5B ) that may direct the induction of promoter activity upon excitatory synaptic signaling, and, moreover, the LINC00473 promoter (pLINC00473) contains a bHLH-PAS transcription factor response element (PasRE; Figure 5B ) that could permit the enhancement of transcriptional activity after the immediate response. The assays showed increases in normalized luciferase levels 6 hr after Bic/4AP addition with the BRE-AS1 promoter (pBRE-AS1) and pLINC00473 and two of the cloned ZNF331 promoter-containing regions (pZNF331 II and III, covering three and two 5 0 exons, respectively; Figures 5B and S6A). These results reveal that BRE-AS1, LINC00473, and ZNF331 are under the control of promoters that are responsive to synaptic activity in mouse neurons. This demonstrates that they are targets of evolutionarily conserved synapse-to-nucleus signaling mechanisms, most probably involving nuclear Ca 2+ /calmodulin kinases (Bading, 2013).
To investigate if synaptic activity-dependent regulation of pBRE-AS1, pLINC00473, and pZNF331 III is sensitive to nuclear Ca 2+ /calmodulin inhibition and interference with CRE-dependent or PasRE-mediated transcription, we used co-transfection of constructs encoding for one of the following proteins:
(1) CaMBP4, a nuclear-localized inhibitor of Ca 2+ /calmodulin signaling (Wang et al., 1995; Zhang et al., 2007) ; (2) ICER1 (ICER), an inhibitor of CREB family proteins (De Cesare and Sassone-Corsi, 2000); or (3) NPAS4 without the transcription activation domain (delTAD-NPAS4), a dominant-negative regulator of bHLH-PAS transcription factors (Pruunsild et al., 2011) . We found that luciferase expression under the control of pBRE-AS1, pLINC00473, and pZNF331 III after 6 hr of Bic/4AP treatment was significantly reduced by CaMBP4 ( Figure 5C ). Overexpression of ICER led to diminished Bic/4AP-induced luciferase levels with pBRE-AS1 and pLINC00473, but not with pZNF331 III. The dominant-negative bHLH-PAS factor delTAD-NPAS4 considerably lowered Bic/4AP-induced transcription only from pLINC00473 ( Figure 5C ). Additionally, pZNF331 III activity was significantly reduced by CaMBP4 in unstimulated conditions, indicating that basal nuclear Ca 2+ /calmodulin activity regulates transcription from this promoter. Collectively, these results prove that the promoters of human BRE-AS1, LINC00473, and the most 3 0 promoter-containing region of ZNF331 are regulated by the conserved Ca 2+ -signaling pathway that activates nuclear Ca 2+ /calmodulin kinases in neurons. pBRE-AS1 and pLINC00473 are probably induced by CREB, and the transcriptional activity from pLINC00473 is likely to be increased by recruitment of the bHLH-PAS transcription factor NPAS4 and ARNT2 heterodimer to the PasRE.
hiPSCd Neuron Synaptic Activity-Controlled Late Response Gene Set Contains Cell Type-Specifically Regulated Genes RNA levels of 428 or 215 human genes were detected to be significantly changed (p adj < 0.1) with RNA-seq 4 hr after Bic/4AP addition to the 7-week hiPSCd neuron/mouse primary hippocampal neuron co-culture ( Figure 6A ; Table S5 ) or to the 10-week hiPSCd neuron-only culture (Table S5) , respectively. Although the overlap of significantly regulated genes was smaller between the two culture conditions than detected for the 1-hr time point (Figures 6B and 4B) , the mean fold change values of the total of these 524 genes correlated strongly between the datasets ( Figure 6C , r = 0.88). Using the same two criteria as for defining the human IE genes, we designated 218 human genes to belong to the later phase of the synaptic activity-responsive genomic program in hiPSCd neurons. From these we excluded 20 genes that we had designated to be IE genes, and we acquired a set of 198 human synaptic activity-regulated lateresponse (LR) genes (Table S6 ; Figure 6D ). The majority of the human LR genes (167 genes, 84.3%) have mouse orthologs that were correspondingly regulated in mouse primary neurons in this study and/or have been shown previously to be activity regulated (Balik et al., 2013; Kim et al., 2010; Maze et al., 2015; Mo et al., 2015; Saha et al., 2011; Spiegel et al., 2014; Zanzouri et al., 2006; Zhang et al., 2007 Zhang et al., , 2009 ). The mouse orthologs of 22 or nine human LR genes that were up-or downregulated, respectively, in hiPSCd neurons have not been described to be neuronal activity regulated or have been found to be regulated in the opposite direction in mice by others and/or by us (Table S7 ). The only significantly enriched GO categories among the 150 upregulated human LR genes were synapse (GO:0045202, false discovery rate [FDR] B&Y = 2.56EÀ03) and synapse part (GO:0044456, FDR B&Y = 2.74EÀ03, Figure 6D ). This suggests that a key consequence of synaptic activity-dependent gene expression in hiPSCd neurons could be the adjustment of the composition and function of synapses. Downregulated genes did not have significant over-representation of any GO term.
RNA level changes of the human LR genes and their mouse orthologs in the 7-week mixed-species cultures were positively correlated (r = 0.46; Figure 6E ). However, the correlation between human and mouse gene RNA level changes 4 hr after the Bic/4AP addition was significantly weaker than that at the 1-hr time point (r = 0.46 versus r = 0.73, Z = 2.5, p = 0.012, Fisher Z-transformation). Furthermore, the levels of a number of human LR genes were changed hiPSCd neuron specifically, suggesting that the late phase of the transcriptional response to synaptic activity depends more on the cell type and/or the species than the early phase. We also noted that the human LR genes include the orthologs for 26 mouse excitatory neuron-specifically induced genes, like Erf, Homer1, and Scg2, and ten mouse inhibitory neuron-specifically induced genes, like Nab1 and Hivep2 (Spiegel et al., 2014) , indicating that the activity-regulated gene program described here for hiPSCd neurons originates from (D) Distribution of the human late-response (LR) genes according to the information on their mouse orthologs. hiPSCd n. down, downregulated in hiPSCd neurons but no evidence for neuronal activity-dependent downregulation of the mouse ortholog or no mouse ortholog; hiPSCd n. and Mm down, downregulated in hiPSCd neurons and the mouse ortholog downregulated in this and/or other studies; hiPSCd n. and Mm up, upregulated in hiPSCd neurons and the mouse ortholog upregulated in this and/or other studies; and hiPSCd n. up, upregulated in hiPSCd neurons but no evidence for neuronal activity-dependent upregulation of the mouse ortholog. See also Table S7 . GO terms enriched within upregulated human LR genes are shown. both excitatory and inhibitory cells. It seems likely that the neuron type, including possible effects determined by the species, defines the complete set of LR genes that are regulated by synaptic activity.
Potential Lineage-Specific Control of Synaptic ActivityRegulated Genes It is uncertain whether synaptic activity-induced transcription in hiPSCd neurons reflects that of the human brain in vivo. Testing this experimentally in humans is inconceivable, so we addressed the question indirectly. First, we used the dataset from Cheung et al. (2010) to find out if the promoters of human genes regulated by synaptic activity in hiPSCd neurons have a neuron-enriched open chromatin-associated transcription initiation mark H3K4me3 in the human prefrontal cortex in vivo during development and in the adult. This is indicative of the genes' accessibility for activity-dependent regulation in the human brain in vivo. The neuron-enriched H3K4me3 promoter mark was present on significantly more genes than expected by chance in all hiPSCd neuron synaptic activity-regulated gene groups, except the hiPSCd neuron-specifically downregulated genes ( Figure 7A ). This reveals that the genes detected here to be synaptic activity regulated in hiPSCd neurons are enriched for genes that are more apt to transcription in the human brain than in other tissues.
We next explored whether the synaptic activity-controlled gene program described here includes human genes associated with regulatory changes compared to other mammals, by examining if hiPSCd neuron activity-regulated genes have humanspecific promoter or enhancer H3K27ac and/or H3K4me2 gains during human brain cortex development in vivo, according to the data from Reilly et al. (2015) . Significantly more genes than expected by chance were positive for a human-specific epigenetic regulatory gain only among the genes that were hiPSCd neuronspecifically upregulated by 4 hr of Bic/4AP-induced activity (Figure 7B) . This infers that expression of a relatively large proportion of the genes shown here to be responsive to synaptic activity only in hiPSCd neurons is probably regulated in a human-specific manner also in the brain in vivo.
Finally, we focused on HIC1/Hic1 to study if regulatory DNA sequence dissimilarities of species rather than the cell type could explain temporal differences in gene expression in response to synaptic activity between hiPSCd neurons and mouse primary neurons. We chose HIC1/Hic1 because it was the only relatively strongly induced IE gene that was upregulated more transiently in mouse neurons compared to hiPSCd neurons, a result that we confirmed with species-specific RT-qPCR ( Figures 7C and  S6B ). The promoter of HIC1/Hic1 is not well conserved among vertebrates in general, but it contains several almost identical regions potentially encompassing important regulatory sequences ( Figure 7E ). We searched these conserved sequences for cis elements that are bound by transcription factors in human cells using the Encyclopedia of DNA Elements (ENCODE) chromatin immunoprecipitation sequencing (ChIP-seq) data, and we found that the only orthologous binding motif relevant to activity-controlled gene regulation that is not present in the rodent Hic1 promoter is the IE protein EGR1-binding sequence located $1,000 bp upstream of the human HIC1 RefSeq transcript 5 0 end ( Figures 7D  and 7E ). This suggests that, upon synaptic activity, mRNA levels of mouse Hic1 may not be sustained because Egr1 cannot bind to the mouse Hic1 promoter. To test this, we generated a luciferase reporter construct with the mouse Hic1 promoter, and, for comparison, we inserted the EGR1 site in it by changing two nucleotides according to the human HIC1 promoter. Consistent with our hypothesis, luciferase assays in mouse primary neurons revealed that the mouse Hic1 promoter humanized with the EGR1 motif produced a moderate rise in luciferase levels after 6 hr of Bic/4AP treatment, whereas the wild-type promoter did not ( Figure 7F ). This result supports the idea that a simple DNA element alteration in the promoter could lead to a difference in the temporal profile of Hic1 expression in response to synaptic activity in mice compared to its ortholog's expression profile in humans.
DISCUSSION
This study reveals three ways in which the human genetic background influences neuronal adaptogenomics compared to that of mice: (1) it expands the repertoire of human synaptic activity-regulated genes with lineage-specific genes, (2) it permits synaptic activity-dependent regulation of some human genes whose orthologs are not activity-regulated in mice, and (3) it can gene-selectively change the temporal profile of synaptic activity-responsive transcriptional activity.
We identify three human genes, BRE-AS1, LINC00473, and ZNF331, that lack mouse orthologs but are regulated by synaptic activity via conserved signaling mechanisms to be included in the human activity-responsive adaptive gene program. LINC00473, which belongs to the core set of hiPSCd neuron synaptic activity-regulated genes ( Figure S7 ), has been shown to be a primate-specific cAMP pathway-responsive noncoding RNA that negatively regulates IE genes (Reitmair et al., 2012) . ZNF331 and also HIC1/Hic1, the only relatively strongly induced IE gene that had a more sustained induction in humans compared to mice, encode transcriptional repressors. Interestingly, a number of synaptic activity-controlled IE genes were upregulated more transiently in hiPSCd neurons than their mouse counterparts in primary neurons (e.g., EGR4/Egr4, FOSB/Fosb, and NPAS4/Npas4), possibly reflecting lineage-specific IE gene regulation by LINC00473, ZNF331, and HIC1. More transient upregulation of some of the IE genes in hiPSCd neurons cannot be explained by a lack of sustained Bic/4AP-induced activity and mechanisms amplifying transcription, since the distinct temporal regulation of synaptic activity-controlled genes between hiPSCd neurons and mouse primary neurons was gene selective. Specifically, along with the distinct temporal profiles, the upregulation of several orthologous IE genes in both human and mouse cells was commonly transient (e.g., ARC/Arc, BTG2/Btg2, and NR4A1/Nr4a1) or commonly amplified after the initial response (e.g., CSRNP1/Csrnp1, FOSL2/Fosl2, and RGS2/Rgs2). We therefore propose that genetic differences gene-selectively cause some of the orthologous human and mouse IE genes to have different expression kinetics after synaptic activity. The mechanisms probably involve both regulation in trans, including regulation by lineage-specific activity-responsive genes as discussed above, and regulation in cis, as indicated by our result with the Hic1 promoter that suggests a role for a species-specific cis-regulatory element. Such an interpretation also is supported by a recent study that used a high concentration of extracellular KCl to stimulate neurons (Qiu et al., 2016) .
In rodents a large fraction of neuronal activity-induced IE genes are transcription factors (Lanahan and Worley, 1998) . Our data confirm that genes encoding orthologs to these also are enriched among the synaptic activity-regulated IE genes in humans. The induced transcription factors are in turn expected to regulate genes that produce the adaptive response. In mouse excitatory and inhibitory neurons the adaptive transcriptional responses are different (Spiegel et al., 2014) , indicating that neuron typespecific activity-dependent gene regulation occurs. We found that the mouse orthologs of 15.7% of the hiPSCd neuron lateresponse genes have no evidence for neuronal activity-dependent regulation. It could be that, because the hiPSCd neurons are relatively immature, this cell type-specific part of the response is developmental stage specific rather than species specific. However, the genes upregulated only in hiPSCd neurons were over-represented by genes that have a neuron-enriched H3K4me3 promoter mark in the human brain throughout development as well as in the adult. First, this means that these genes presumably have neuronal functions. Second, this suggests that a considerable fraction of hiPSCd neuron-specifically synaptic activity-regulated genes are accessible for regulation during the course of the entire lifespan and are unlikely to be exclusively responsive to activity during neuronal maturation. Besides, the genes that were upregulated only in hiPSCd neurons displayed enrichment for genes that are accompanied by human-specific epigenetic gains in the human brain (Reilly et al., 2015) , suggesting that they might include genes whose regulation, possibly including activity-dependent regulation, is species specific.
Our data suggest that acquisition of lineage-specific synapseto-nucleus signaling target genes and differences in synaptic activity-dependent regulation of common targets contribute to the phenotypic differences of humans compared to mice. We provide some outstanding examples supporting this view. First, one of the genes whose upregulation by synaptic activity was specific to hiPSCd neurons was ADRA1B (Table S7 ; Figure S7 ), which is associated with attention deficit/hyperactivity disorder (Mick et al., 2010) . If ADRA1B is activity regulated in vivo, it could be involved in the regulation of mood, cognition, and behavior as an activity-induced component of the monoaminergic system in humans that is not synaptic activity dependent in mice (but see Kobori et al., 2011 and Shen and Gundlach, 1998) . Second, we detected CAMTA1, which is associated with human episodic memory performance (Huentelman et al., 2007) and intellectual disability (Thevenon et al., 2012) , to be upregulated by activity in hiPSCd neurons but not in mouse neurons (Table S7 ). This is exciting because CAMTA1 is linked to a conserved noncoding sequence with accelerated evolution in humans (Prabhakar et al., 2006) , has several putative enhancer regions with human-specific epigenetic gains (Reilly et al., 2015) , and knockdown of Camta1 in the mouse hippocampus specifically alters longterm memory (Bas-Orth et al., 2016), making CAMTA1 a good candidate for a factor that adjusts episodic memory in a human-specific, synaptic activity-dependent manner. Third, HIC1, the gene with a prolonged increase in mRNA levels after synaptic activity in hiPSCd neurons compared to mouse neurons (Figure S7) , negatively regulates expression of reelin receptor genes (Dubuissez et al., 2013) . Since reelin is essential for the lamination of the cortex and has roles in neuronal maturation and synaptic functions (Fö rster et al., 2010) , HIC1 may be involved in brain cortex development. Moreover, Miller-Dieker syndrome (MDS) with lissencephaly as part of the phenotype is caused by haploinsufficiency of the genomic locus encompassing HIC1 (Yingling et al., 2003) . Although heterozygous loss of the PAFAH1B1 (alias LIS1) and YWHAE (alias 14-3-3ε) genes is believed to cause lissencaphaly in MDS, there is evidence that it also can result from a deletion not involving these but the HIC1 gene (DECIPHER 250068; Firth et al., 2009 ). Collectively, these examples accentuate that some of the potentially human lineage-specifically regulated genes uncovered in this study take part in brain functions or developmental processes that could account for the superior cognitive abilities of humans compared to other mammals. Thus, the evolution of synaptic activity-regulated adaptogenomics may have driven the evolution of cognition.
In conclusion, this study demonstrates that the generic transcriptional response to evolutionarily conserved synapse-to-nucleus signaling has lineage-specific features in human neurons. This confirms that inherent genetic differences have an impact on synaptic activity-dependent transcription, providing a mechanism of how they may tune adaptive, plasticity-related brain functions.
EXPERIMENTAL PROCEDURES
Human iPSCs
The iPSC lines hiPS D1 and hiPS 3 were obtained from Dr. Jochen Utikal (DKFZ). hiPS D1 was generated from healthy human fibroblasts with an inducible polycistronic lentiviral reprogramming vector encoding for KLF4, MYC, POU5F1, and SOX2 (Horschitz et al., 2015) . hiPS 3 was generated from healthy human melanocytes with inducible lentiviral reprogramming vectors encoding for KLF4, MYC, and POU5F1 (Utikal et al., 2009 ).
Generation of NPCs
We differentiated iPSCs to NPCs using a slightly modified spin embryoid body protocol (Kim et al., 2011) with dual SMAD inhibition (Chambers et al., 2009) Figure S1 . 
RNA-Seq Data Differential Gene Expression Analysis
RNA-seq was performed on four biological replicates of untreated and 1-hr Bic/4AP-treated mixed-species or hiPSCd neuron-only culture samples and three biological replicates of 4-hr Bic/4AP-treated mixed-species or hiPSCd neuron-only culture samples (GEO: GSE88773). TopHat2 (version 2.0.9) (Kim et al., 2013) , HTSeq-count (HTSeq version 0.6.0 or 0.6.1) (Anders et al., 2015) , and DESeq2 (version 1.8.1) (Love et al., 2014) were used for RNA-seq read mapping, counting, and differential gene expression analysis, respectively. The co-culture sample reads were filtered for either human or mouse reads as specified in the Supplemental Experimental Procedures.
Patch-Clamp Recordings
Whole-cell patch-clamp recordings were made at 32 C from cells plated on glass coverslips and secured with a platinum ring in a recording chamber (Open access chamber-1, Science Products) with heated in-line perfusion (32 C, TC324B, Warner Instruments) running constantly at 2 mL/min.
Statistical Analyses
Two samples were compared with two-tailed Student's or Welch's t test. If indicated, Holm-Sidak p adjustment was applied. Multiple samples were compared with one-way ANOVA and Dunnett's or Tukey's test, two-way ANOVA and Tukey's test, or two-way ANOVA on ranks and Holm-Sidak test. In RNA-seq data analysis, default statistical approaches of DESeq2 were applied.
Additional Details
Additional details about our methods are in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
The accession number for the RNA sequencing data reported in this paper is GEO: GSE88773. Maze, I., Wenderski, W., Noh, K.M., Bagot, R.C., Tzavaras, N., Purushothaman, I., Elsä sser, S.J., Guo, Y., Ionete, C., Hurd, Y.L., et al. (2015) . Critical role of histone turnover in neuronal transcription and plasticity. Neuron 87, 77-94.
Mick, E., Todorov, A., Smalley, S., Hu, X., Loo, S., Todd, R.D., Biederman, J., Byrne, D., Dechairo, B., Guiney, A., et al. (2010 VAMP2  SYT4  SCN3A  NRXN1  MYT1L  MEF2C  MAP2  MAPT  DCX  HOXC4  HOXB4  SLC18A2  EN1  SOX14  GAD2  ERBB4  ZBTB20  ZFHX3  LHX9  SOX5  POU2F2  NFIB  NFIA  FOXP2  BCL11B  OTX2  COL2A1  NEUROD6  LHX2  C1orf61  SOX11  HES6  PAX6  EOMES  PROM1  apical and FOXP2, or MAP2 and BRN2 were assessed. Three biological replicates were used for the quantification at each time point (mean ± SEM).
(I) RT-qPCR analysis of mRNA levels in hiPSCs, NPCs and hiPSCd neurons differentiated for 4, 6 or 7 weeks from NPCs with primers targeting the indicated genes. mRNA levels relative to the levels measured from iPSCs are shown for each gene. The values marked with asterisks designate the log 2 fold changes measured with RNA-Seq in the respective genes' mRNA levels in hiPSCd neurons differentiated for 7 weeks from NPCs relative to the levels measured from iPSCs. Two or three biological replicates were used at each time point (mean ± SEM).
(J) GO term over-representation analysis with ToppGene (Chen et al., 2009 ) among genes up-or downregulated more than 8-fold in hiPSCd neurons differentiated for 7 weeks from NPCs relative to the expression levels in iPSCs. Most significantly enriched GO terms are shown. See also Table S1 .
(K) Spearman correlation between the transcriptomes of the iPSCs (n = 2) and hiPSCd neurons (iPSCd n) produced in this study (7w and 10w, 7th and 10th week of differentiation from NPCs, respectively, both n = 4), hiPSCd neuron samples from Wen et al., 2014 (iPSCn**, four weeks of differentiation, n = 3), and human fetal (13th to 16th week postconception) ventricular zone (VZ, n = 3), inner or outer subventricular zone (i/o SVZ, n = 6) or cortical plate (CP, n = 3) samples from Fietz et al., 2012 . 4497 genes with log-transformed RNA-Seq read counts per million standard deviation > 1 were used for the analysis. Correlation between all our hiPSCd neuron samples, ρ 0.968 to 0.998. Our hiPSCd neurons vs hiPSCd neurons produced by Wen et al. (ρ up to 0.712) . Our hiPSCd neurons vs human 13th to 16th week postconception fetus cortical plate, which contains mostly postmitotic neurons (ρ up to 0.646). Our hiPSCd neurons vs human 13th to 16th week postconception fetus ventricular and subventricular zones, which contain proliferating cells (ρ up to 0.509).
(L) mRNA levels of selected marker genes in hiPSCd neurons differentiated for 7 weeks according to RNA-Seq (n = 4, mean ± SEM). Marker genes were selected based on single-cell transcriptomes of in vivo and in vitro human neurons (Camp et al., 2016) , and additionally, some classical brain region-specific markers, used for example to identify regional specificity of human PSC-derived neurons (Imaizumi et al., 2015) , were included. This data indicates that the hiPSCd neuron cultures are a heterogeneous population of neurons representing dorsal as well as ventral developing forebrain.
A brief description of markers whose expression was assessed in panels other than L: OCT4 (POU5F1) and LIN28A, pluripotency markers; PAX6 and BRN1 (POU3F3), neuron/brain development-associated genes; RTN1 and STMN2, neuronspecifically expressed genes; DCX and MAP2, postmitotic neuron markers; TUBB3, neuronal lineage-expressed protein; SOX2 and NES, NPC-expressed proteins; COUP-TFI (NR2F1), developing forebrain-enriched protein; DLG3, VAMP2 and SYN1, synaptic proteins; VGLUT2 (SLC17A6), excitatory neuron marker; GABA, inhibitory neuron marker; FOXP2 and BRN2 (POU3F2), forebrain-enriched/cortical layer markers; SOX1, NPC marker; CUX1, cell differentiation regulator. (A) 7 week hiPSCd neuron/mouse primary hippocampal neuron co-culture was left untreated or treated with Bic/4AP (bicuculline, 50 µM and 4-aminopyridine, 250 µM) for the time indicated. RNA expression levels were normalized to the levels of three "housekeeping" genes: Eif2b4, Fcf1 and Hprt1 (normalized counts). The names of the mouse orthologs of human IE genes are in green. Three biological replicate measurements were performed for each data point. Box plots show data range with median. Significance (one-way ANOVA and Dunnett's multiple comparison test) is indicated compared to untreated control, #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001. 0.15, p value for the respective data point. All 9 mouse orthologs of human IE genes analysed, including genes that were not significantly induced at the one hour time point in RNA-Seq analysis, showed significantly upregulated RNA levels at 30 minutes and/or one hour after Bic/4AP addition. The cells were left untreated or treated with Bic/4AP (bicuculline, 50 µM and 4-aminopyridine, 250 µM) for the time indicated. RNA expression levels were normalized to the levels of three "housekeeping" genes: EIF2B4, FCF1 and HPRT1 (normalized counts). The names of the human IE genes according to RNA-Seq data obtained with the hiPS D1-derived hiPSCd neurons are in green. Two biological replicate measurements were performed for each data point. Box plots show data range with average. Figure S7 . Core set of human iPSC-derived neuron synaptic activity-regulated genes. Related to Figures 4 and 6, and to Discussion Heat map of the expression level changes of 30 human genes with the most consistent responses [> two-fold expression change with p adj < 0.01 both in the mixed-species culture (+Mm) and in the hiPSCd neuron-only culture (-Mm)] to synaptic activity in hiPSCd neurons after one hour and/or four hours of Bic/4AP-treatment. The temporal profiles of the expression level changes (Response type) in the mixed-species culture is specified for both the human gene and its mouse ortholog with a separation of the two by a slash (human/mouse). IE, immediate-early; LR, late response; Tra, transient upregulation; Sus, sustained upregulation; Amp, amplified upregulation; NA, not applicable; Hs, upregulated hiPSCd neuron-specifically; com, upregulated in hiPSCd neurons and in mouse neurons. Each genes' status in regard to neuron-enriched open chromatin-associated promoter mark (Neuron enr.) and human-specific promoter or enhancer epigenetic regulatory gain (Hs-sp. gain) in the human brain in vivo (see main text for details) is indicated. (P) specifies promoter gain. The asterisk indicates that there is no ortholog in rodents. Mean gene expression level changes (log 2 fold change, log 2 FC, determined with RNA-Seq; n = 4 or n = 3, for one hour or four hours of Bic/4AP-treatment, respectively) were used to generate the heat map together with Euclidean distance Ward clustering. (Table S1A ) Results of the ToppGene Suite analysis of GO category over-representation among genes more than 8-fold upregulated after generation of NPCs from iPSCs and 7 weeks of neuronal differentiation of NPCs (2106 genes). (Table S1B ) Results of the ToppGene Suite analysis of GO category over-representation among genes more than 8-fold downregulated after generation of NPCs from iPSCs and 7 weeks of neuronal differentiation of NPCs (2105 genes). Figure 4 Shown are DESeq2 results for human IE genes in response to one hour of Bic/4AP-treatment of 7 weeks differentiated hiPSCd neurons in co-culture with mouse primary hippocampal neurons. Table S7   Table S7 . hiPSCd neuron-specifically synaptic activity-regulated late response genes. Related to Figure 6 31 human late response (LR) genes detected here to be significantly regulated by synaptic activity only in hiPSCd neurons (hiPSCd n.) without published evidence for neuronal activity-dependent regulation of the mouse ortholog. Primers used in this study
